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The  endothermic  proton  transfer  reaction,  H2(u+)  +  He-+HeH++H(A£=0.806  eV),  is  investigated 
over  a  broad  range  of  reactant  vibrational  levels  using  high-resolution  vacuum  ultraviolet  to  prepare 
reactant  ions  either  through  excitation  of  autoionization  resonances,  or  using  the  pulsed-field 
ionization-photoelectron-secondary  ion  coincidence  (PFI-PESICO)  approach.  In  the  former  case, 
the  translational  energy  dependence  of  the  integral  reaction  cross  sections  are  measured  for  v+ 

=0-3  with  high  signal-to-noise  using  the  guided-ion  beam  technique.  PFI-PESICO  cross  sections 
are  reported  for  t»+=l-15  and  t/+=0— 12  at  center-of-mass  collision  energies  of  0.6  and  3.1  eV, 
respectively.  All  ion  reactant  states  selected  by  the  PFI-PESICO  scheme  are  in  the  N+- 1  rotational 
level.  The  experimental  cross  sections  are  complemented  with  quasiclassical  trajectory  (QCT) 
calculations  performed  on  the  ab  initio  potential  energy  surface  provided  by  Palmieri  et  al.  [Mol. 

Phys.  98,  1839  (2000)].  The  QCT  cross  sections  are  significantly  lower  than  the  experimental 
results  near  threshold,  consistent  with  important  contributions  due  to  resonances  observed  in 
quantum  scattering  studies.  At  total  energies  above  2  eV,  the  QCT  calculations  are  in  excellent 
agreement  with  the  present  results.  PFI-PESICO  time-of-flight  (TOF)  measurements  are  also 
reported  for  i/+=3  and  4  at  a  collision  energy  of  0.6  eV.  The  velocity  inverted  TOF  spectra  are 
consistent  with  the  prevalence  of  a  spectator-stripping  mechanism.  ©  2005  American  Institute  of 
Physics.  [DOI:  10.1063/1.1883169] 

measured  cross  sections  and  those  of  a  number  of  quantum¬ 
scattering  studies  that  used  the  same  potential  energy 
surface.5-7  The  calculated  cross  sections  for  v+>0  at  low 
total  energies  {E  <  1  eV)  were  significantly  higher  than  the 
measured  values,  suggesting  a  possible  overemphasis  of 
resonances  in  the  theoretical  work  which  again  may  be  at¬ 
tributed  to  an  inaccurate  potential. 

The  prototype  three-electron  Ht+He  proton  transfer 
system, 

Hj  +  He  — >  HeH+  +  H,  AE  =  0.806  eV,  (1) 

has  been  an  important  test  case  for  theoretical  methods  of 
reaction  dynamics  for  the  past  30  years.  Consequently,  a  sub¬ 
stantially  more  extended  body  of  theoretical  work  exists  for 
this  reaction.  As  in  the  Hj+Ne  case,  Chupka  and 
co-workers9-11  discovered  in  the  first  state- selected  ion- 
molecule  reaction  studies  that  this  endothermic  reaction  is 
promoted  much  more  effectively  by  vibrational  energy  than 
translational  energy.  Except  for  one  early  quantum 
mechanical  and  QCT  study,  reaction  probabilities  deter¬ 
mined  in  collinear  geometry  quantum14-16  and  QCT  reactive 
scattering  studies  ’  do  not  reflect  the  experimentally  ob¬ 
served  vibrational  enhancement  in  the  integral  reaction  cross 
sections.  The  first  theoretical  confirmation  of  the  large  vibra¬ 
tional  effects  was  obtained  by  Whitton  and  Kuntz, 19,20  who 
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I.  INTRODUCTION 

Recently,  we  have  demonstrated  that  the  pulsed-field 
ionization  photoelectron  secondary  ion  coincidence  (PFI- 
PESICO)  approach  using  quasicontinuous  synchrotron 
radiation1,2  provides  the  sensitivity  to  investigate  the  state- 
selected  reactivity  of  Hj  ions  over  a  broad  vibrational  energy 
range  including  states  approaching  the  dissociation  limit.3  In 
our  investigation  of  the  Hj+Ne  proton  transfer  system3  we 
succeeded  in  measuring  an  absolute  integral  reaction  cross 
section  for  populated  in  the  t/=  17,  N+=l  rovibrational 
level  which  lies  merely  0.03  eV  below  the  dissociation  limit. 
Quasiclassical  trajectory  (QCT)  calculations  were  found  to 
be  in  good  agreement  with  the  observed  state-selected  cross 
sections  at  intermediate  total  energies  (1-3  eV).  Discrepan¬ 
cies  at  low  total  energies  were  attributed  to  resonances, 
which  had  been  observed  in  numerous  quantum  scattering 
studies,4-7  while  at  high  energies,  it  was  suggested  that  pos¬ 
sibly  nonadiabatic  effects,  or  inaccuracies  in  the  applied 
potential,8  could  explain  that  QCT  appeared  to  overpredict 
the  competitive  effect  of  the  collision-induced  dissociation 
(CID)  channel.  Significant  discrepancies  exist  between  the 
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conducted  three-dimensional  (3D)  QCT  calculations  based 
on  an  approximate  diatomics-in-molecules  potential  fit21  to 
ab  initio-  points  of  collinear  H2He+  by  Brown  and  Hayes.22 
Additional  3D  QCT  studies  and  a  quantum-mechanical 
reactive  scattering  study  using  the  infinite-order  sudden  ap¬ 
proximation  (RIOSA)26  based  on  various  fits  to  the  Hayes 
and  Brown  ab  initio  points  were  consistent  with  the  experi¬ 
mental  results  from  Chupka  et  al.  that  show  that  vibrational 
energy  enhances  the  reaction  more  effectively  than  transla¬ 
tional  energy. 

A  significantly  improved  potential  energy  surface  was 
obtained  from  a  fit  by  Joseph  and  Sathyamurthy27  28  to  a  new 
set  of  ab  initio  points  including  noncollinear  geometries  that 
were  calculated  with  configuration  interaction  accuracy  by 
McLaughlin  and  Thompson.29  3D  QCT  calculations28  on  this 
surface,  which  is  generally  referred  to  as  MTJS,  were  in 
satisfactory  agreement  with  the  Chupka  measurements.9"11 
However,  the  accuracy  of  QCT  calculations,  even  on  an  ex¬ 
act  potential  energy  surface,  is  put  into  question  with  the 
observation  of  highly  oscillatory  behavior  attributed  to  reso¬ 
nances  in  the  energy  spectrum  of  inelastic30,31  and 
reactive  ’  ’  scattering  probabilities  in  collinear 
quantum-mechanical  studies.  The  new  3D  MTJS  surface 
spawned  a  series  of  3D  quantum  scattering  studies  providing 
reaction  probabilities  for  zero  total  angular  momentum  ( J 
_ 0)37,39-  as  wejj  as  integrai  cross  sections  (J  =£  0),39’41’45  all 
of  which  confirm  dense  resonance  structure.  The  importance 
of  resonances,  which  have  been  associated  with  a  well  in  the 
entrance  channel,  makes  an  accurate  3D  potential  energy  sur¬ 
face  a  prerequisite  to  reliable  cross-section  calculations  at 
low  total  energies.  Improved  fitting  algorithms46  and  new, 
more  extended  and  higher-level  sets  of  ab  initio  points47,48 
have  led  to  more  precise  surfaces47"50  with  more  accurate 
dispersion-force  description  at  long  range  49  Kumar  et  al.51 
found  large  differences  in  QCT  integral  cross-section  calcu¬ 
lations  depending  on  whether  the  MTJS  surface  or  the  more 
sophisticated  Aguado-Paniagua46  fit  to  the  same 
McLaughlin-Thompson  ab  initio  points  is  applied. 

Despite  the  extensive  theoretical  work,  relatively  few 
opportunities  to  compare  the  computational  results  to  experi¬ 
mental  data  exist.  In  particular,  absolute  cross-section  mea¬ 
surements  for  well-characterized  internal  and  translational 
energies  are  rather  scarce.  Given  the  high  endothermicity, 
thermal  experiments  that  relax  the  H2  internal  energy  are  not 
possible,  while  electron-impact  ionization  approaches  with¬ 
out  efficient  reactant  relaxation  produce  the  reactant  ions  in  a 
broad  distribution  of  vibrational  levels  resulting  in  rate  coef- 
ficients  that  are  averaged  over  the  precursor  population.  ’ 
Van  Pijkeren  et  al.  determined  relative  state-selected  cross 
sections  up  to  i/+=8  at  thermal  energies  using  a  coincidence 
technique.  4,55  The  original  state-selected  work  by  Chupka 
and  co- workers9  11  did  not  directly  determine  absolute  cross 
sections,  and  the  experimental  arrangement  did  not  have 
good  control  over  the  translational  energy.  Nevertheless,  they 
were  able  to  convert  their  phenomenological  cross  sections 
to  microscopic  state-selected  cross  sections10  using  an  ap¬ 
proach  outlined  by  Light.56  The  respective  absolute  cross 
sections  have  since  been  propagated  through  the  literature. 
Turner  et  al.51  used  the  guided-ion  beam  (GIB)  technique 


and  vacuum  ultraviolet  (VUV)  direct  ionization  to  derive 
absolute  state-selected  cross  sections  for  H2  and  HD+,  v+ 
=0-4  in  a  well-defined  translational  energy  range  of 
1-8  eV.  The  analysis  required  knowledge  of  the  H2  vibra¬ 
tional  distribution  at  the  selected  VUV  ionizing  wavelengths, 
which  had  a  significantly  higher  photon  bandwidth  of  4  A  in 
comparison  to  the  Chupka  experiments  (0.4-2.5  A).  Beam 
studies  with  pure  state  selection,  using  the  threshold  electron 
secondary  ion  coincidence  technique,  were  carried  out  by 

nz  en 

Koyano  and  co-workers,  ’  who  reported  relative  cross  sec¬ 
tions  for  t/+=0-4  at  translational  energies  ranging  from 
0.4  to  3.0  eV.  Govers  and  Guyon  also  applied  a  coincidence 
technique  to  measure  relative  cross  sections  for  w+=0-6  at  a 
center-of-mass  (c.m.)  collision  energy  of  3.1  eV.  Absolute 
cross  sections  were  obtained  by  scaling  them  to  the  cross 
sections  reported  by  Chupka.9'11  Achtenhagen,  Schweizer, 
and  Gerlich,59  in  unpublished  results  first  reported  by  Kumar 
et  al.  j60  measured  the  translational  energy  dependence  of  ab¬ 
solute  cross  sections  for  H2(t»+=0,1)  prepared  by  3  +  1  reso¬ 
nance  enhanced  multiphoton  ionization.  It  is  known  that  the 
vibrational  state  selection  is  somewhat  affected  by  contami¬ 
nation  in  this  approach.61 

Additional  opportunities  for  comparison  between  experi¬ 
ment  and  theory  have  been  provided  by  angular  distribution 
measurements  carried  out  in  crossed-beam  experiments, 
where  both  unrelaxed62,63  and  relaxed58,64  electron-impact 
ionization  sources,  and  state- selected  ions  using  a  multipho¬ 
ton  ionization  technique65,66  have  been  used.  Probably  the 
most  sensitive  test  of  theoretical  methods  to  date  has  been 
the  comparison  between  theoretical43,67  and  experimental 
branching  ratios  in  HD+  reactions  with  He,  where  Turner  et 
al.  have  produced  the  only  experimental  data.57 

In  the  present  paper,  we  apply  the  PFI-PESICO  tech¬ 
nique  to  this  fundamental  chemical  reaction.  Absolute  cross 
sections  are  reported  for  significantly  higher  vibrational  lev¬ 
els  than  previous  measurements  at  translational  energies  of 
0.6  and  3.1  eV.  Given  the  extended  theoretical  work  at  low 
total  energies,  we  also  present  the  translational  energy  depen¬ 
dence  of  cross  sections  for  the  first  four  vibrational  levels  of 
H2  for  which  the  present  experiment  has  very  high  sensitiv¬ 
ity  due  to  intense  VUV  absorption  resonances  associated 
with  Rydberg  states  that  are  known  to  preferably  autoionize 
to  the  next  lowest  ionic  level.  We  complement  the  cross- 
section  measurements  with  samples  of  recoil  velocity  distri¬ 
bution  measurements  as  well  as  with  QCT  calculations  per¬ 
formed  on  the  recent  3D  potential  energy  surface  reported  by 
Palmieri,  Aquilanti,  and  co-workers  47,4 

II.  EXPERIMENT 

The  PFI-PESICO  experiment  as  applied  to  H2  reactions, 
and  the  associated  signal  processing  has  been  described  in 
detail  previously.1-3  A  brief  description  with  particular  em¬ 
phasis  on  modifications  of  the  instrument  will  be  provided 
here.  An  effusive  beam  of  H2  is  ionized  with  monochromatic 
VUV  synchrotron  radiation  generated  at  the  Chemical  Dy¬ 
namics  Beamline  Endstation  2  of  the  ALS.  The  VUV  is 
passed  through  a  high-resolution  6.65  m  monochromator 
providing  a  resolution  between  2  and  10  cm-1.  In  the  PFI- 
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PESICO  experiments,  the  VUV  is  tuned  to  excite  H2  mol¬ 
ecules  to  high-/?  Rydberg  states  below  the  ionization  limit  of 
an  ionic  quantum  state  of  interest.  A  pulsed  ionization  and 
extraction  electric  field  (~8  V/cm,  200  ns  duration)  is  ap¬ 
plied  approximately  10  ns  after  the  onset  of  the  104  ns  dark 
gap  of  the  multibunch  operation  mode  of  the  storage 
ring.68,69  Long-lived  Rydberg  molecules  in  the  photoioniza¬ 
tion  region  are  field  ionized  and  accelerated  toward  the  in¬ 
jection  electrode  of  a  guided-ion  beam  (GIB)  experiment. 
The  correlated  PFI-electrons  are  accelerated  in  the  opposite 
direction  toward  a  time-of-flight  (TOF)  electron  spectrometer 
equipped  with  a  microchannel  plate  detector. 

A  fast  interleaved  comb  wire  gate70,71  is  situated  between 
the  GIB  injection  electrode  and  the  photoionization  region. 
The  gate  is  opened  for  ~250  ns  to  transmit  ions  at  a  fixed 
delay  with  respect  to  the  detection  of  a  PFI  electron.  This 
allows  the  transmission  of  the  associated  PFI  ion,  while  re¬ 
jecting  false  coincidences  due  to  prompt  photoions  during 
the  closed  state.  The  gate  is  opened  a  second  time  some 
200  /tts  after  the  first  gate  in  order  to  provide  a  measure  of 
the  false  coincidence  signal  level. 

The  ion  guide  consists  of  tandem  rf-octopoles  (8.64  and 
19.55  cm  long,  2  mm  rod  diameter  on  8  mm  diameter  circle, 
13  MHz  rf  frequency),  where  the  first  octopole  guides  the 
ion  beam  through  a  collision  cell  containing  ~0.2  mTorr  of 
He  target  gas.  Primary  and  secondary  ions  enter  the  second 
longer  octopole  which  is  biased  approximately  0.4  eV  lower 
than  the  first  in  order  to  accelerate  near-thermal  ions  to  pre¬ 
vent  losses  due  to  surface  potential  barriers.  Ions  are  ex¬ 
tracted  from  the  second  octopole  and  injected  into  a  quadra- 
pole  mass  filter  following  which  they  are  detected  with  a 
Daly  detector.72  Primary  and  secondary  ions  are  recorded  on 
a  multichannel  scaler  in  a  time-resolved  way.  Integral  cross 
sections  are  determined  from  the  expression 


07  = 
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where  Ip  is  the  primary  ion  count  rate,  Ij  are  the  secondary 
ion  intensities,  n  is  the  target  gas  density,  and  /  is  the  effec¬ 
tive  path  length  of  the  collision  cell.  The  ion  count  rates  are 
corrected  for  false-coincidences  appearing  during  the  second 
gate  opening  period,  at  long  delays  in  the  time-resolved  ion 
recordings. 

Cross  sections  are  also  measured  in  an  automated 
collision-energy  scanning  approach  for  those  H2  vibrational 
levels  that  can  be  prepared  with  high  purity  by  selectively 
exciting  autoionizing  resonances  with  known  decay  branch¬ 
ing  ratios.73’74  The  ion  laboratory  energy  resolution  is  deter¬ 
mined  to  be  0.3  eV  [Full  width  at  half  maximum  (FWHM)] 
for  this  mode  using  retardation  and  TOF  methods.3  In  the 
PFI-PESICO  mode,  the  resolution  is  estimated  to  be  around 
0.3  eV  as  well  from  TOF  analysis.3  The  c.m.  collision  energy 
resolution  is  increasingly  affected  by  the  motion  of  the  target 
gas  as  the  collision  energy  is  raised,  as  described  by 
Chantry.75  At  ET- 0.6  eV,  the  c.m.  collision  energy  resolu¬ 
tion  is  ~0.3  eV  (FWHM),  whereas  at  3.1  eV,  the  second 
energy  at  which  we  have  performed  PFI-PESICO  experi¬ 
ments,  it  has  increased  to  0.58  eV. 


In  comparison  to  our  earlier  H2+Ne  measurements,  the 
position  of  the  center  of  mass  of  the  H2He  collision  system  is 
more  favorable  to  allow  an  analysis  of  recoil  velocity  distri¬ 
butions  based  on  the  PFI-PESICO  TOF  measurements.  For 
this  purpose,  the  PFI-PESICO  TOF  measurements  are  in¬ 
verted  to  velocity  distributions  following  substraction  of  the 
false  coincidence  spectrum.  The  methodology  for  this  trans¬ 
formation  has  been  described  earlier.76 

III.  COMPUTATION 

The  QCT  calculations  were  performed  using  a  modified 
version3  of  the  A+BC  QCT  program  by  Chapman  et  al71 
based  on  the  theory  of  Truhlar  and  Muckerman.78  Trajecto¬ 
ries  were  calculated  on  the  V|2  potential  provided  by  Palm- 
ieri  et  al.41  that  was  obtained  by  fitting  the  functional  form 
given  by  Aguado  and  Paniagua46  to  ab  initio  points  calcu¬ 
lated  for  1487  different  geometries.  With  this  surface,  the 
total  energy  is  conserved  to  within  0.01%  for  all  initial  con¬ 
ditions  presented,  here.  Between  3000  and  5000  trajectories 
are  calculated  for  each  reported  cross  section.  Given  the  im¬ 
portant  differences  in  classical  and  quantum  mechanical 
threshold  energies,  two  QCT  results  are  considered.  In  a  first 
purely  classical  result,  all  proton  transfer  channels  associated 
with  a  translational  energy  transfer  corresponding  to  bound 
product  ions,  HeH+,  are  taken  into  account  when  determining 
the  cross  section.  In  a  second,  proton  transfer  channels  are 
disregarded  for  which  the  vibrational  energy  of  HeH+  is  less 
than  the  zero  point  energy  of  0.195  eV.  Two  approaches  are 
also  applied  with  respect  to  the  collision-induced  dissocia¬ 
tion  (CID)  channel  (He+H++H).  In  the  first,  molecular 
products  with  internal  energies  exceeding  the  dissociation 
threshold  are  considered  dissociated,  and  these  trajectories 
contribute  to  the  total  CID  channel  count.  In  order  to  com¬ 
pare  directly  with  our  experimental  results,  such  channels 
with  quasibound  molecular  scattering  products,  H2  and 
HeH+,  were  identified  and  the  lifetime  of  the  quasibound 
products  were  determined  using  the  approach  by  Kuntz.78  In 
the  second  approach,  those  trajectories  with  quasibound  life¬ 
times  exceeding  the  respective  average  instrumental  flight 
times  of  H2  and  HeH+  were  added  to  the  corresponding  non¬ 
reactive  and  reactive  total. 

IV.  RESULTS 

A.  Translational  energy  dependence  of  the  H2(v+ 

=0,1 ,2,3)  +  He  proton  transfer  cross  sections 

Figure  1(a)  shows  photoionization  efficiency  (PIE) 
curves  for  reactant  H2  ions  in  the  VUV  energy  range  of 
15.40-16.45  eV  obtained  using  an  optical  bandwidth  of 
8  cm-1.  The  ionization  thresholds  associated  with  the  forma¬ 
tion  of  the  H2(v+=0, 1 ,2,3,  and  4)  vibrational  levels  at 
15.4252,  15.69767,  15.9541,  16.1939,  and  16.4202  eV,  re¬ 
spectively,  are  marked  at  the  top  of  Fig.  1(a).  The  PIE  spec¬ 
trum  for  H2  is  dominated  by  strong  autoionization  features 
with  only  minor  continuum  components  contributed  by  di¬ 
rect  photoionization.  The  autoionization  resonances  have 
been  analyzed  in  detail  in  the  high  resolution  measurements 
by  Dehmer  and  Chupka.73  Due  to  the  propensity  for  vibra- 
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FIG.  1.  Photoionization  efficiency  curves  for  primary  and  proton-transfer 
secondary  ions  transmitted  through  the  guided-ion  beam  apparatus  when  He 
is  introduced  into  the  collision  ceil.  Secondary  ion  curves  are  shown  for 
different  center-of-mass  collision  energies,  ET.  Arrows  indicate  the  photon 
energies  at  which  proton-transfer  cross-section  energy  scans,  shown  in 
Fig.  2,  were  recorded. 

tional  autoionization,  autoionizing  peaks  of  H2  resolved  in 
the  vibrational  interval  of  v+  and  t/+ 1  are  shown  to  produce 
reactants  predominantly  in  the  H2(u+)  level. 

The  PIE  spectra  for  the  formation  of  proton  transfer 
product  HeH+  ions,  as  transmitted  through  the  GIB  apparatus 
at  the  center-of-mass  collision  energies,  Er,  of  0.2,  0.6,  and 
4.0  eV  are  depicted  in  Figs.  l(b)-l(d),  respectively.  We  note 
that  the  ion  intensity  scales  for  Figs.  l(a)-l(d)  have  the  same 
(arbitrary)  units.  Given  the  high  vibrational  energy  depen¬ 
dence  of  the  proton  transfer  reaction,  the  PIE  curves  for 
product  HeH+  provide  a  good  assessment  with  respect  to  the 
decay  branching  ratios  into  ionic  vibrational  states  of  par¬ 
ticular  autoionization  resonances.  If  the  ratio  of  the  intensity 
of  two  product  ion  autoionization  lines,  for  which  the 
branching  ratio  of  one  line  has  been  determined,  is  equal  to 
that  of  the  same  lines  in  the  reactant  ion  PIE  curve,  it  can  be 
concluded  that  the  reaction  cross  sections  for  ions  prepared 
through  photoionization  via  both  resonances  is  the  same,  and 
thus  the  vibrational  state  selection  purity  is  identical.  The 
only  branching  ratios  available  are  those  measured  by 
O’Halloran  et  al.  in  a  narrow  range  of  photon  energies  be¬ 
tween  the  photoionization  limits  of  r/+=  1  and  2. 74  Most  of 
the  vibrational  branching  ratios  to  o+=l  in  the  investigated 
region  between  14.885  and  14.927  eV  are  between  94%  and 
96%.  We  have  verified  that  the  ratio  between  the  PIE  inten¬ 
sities  of  the  selected  resonance  and  those  investigated  by 
O’Halloran  are  equal. 

The  Hjlj/i+He  proton  transfer  reaction  is  a  model  sys¬ 


tem  for  the  demonstration  of  translational  and  vibrational 
energy  effects  on  the  reaction  cross  sections.  Considering 
that  the  endothermicity  for  reaction  (1)  is  0.806  eV,  which  is 
greater  than  the  internal  energy  of  H2(u+=3),  0.7683  eV, 
we  expect  that  the  proton  transfer  channel  of  H2(V=s3) 
+He  is  closed  at  ET<  0.037  eV.  At  ET=  0.2  eV,  the  proton 
transfer  channel  of  H2(v+=3)+He  is  open,  as  evidenced  by 
the  PIE  step  of  HeH+  at  16.19  eV,  which  corresponds  to  the 
photoionization  threshold  for  forming  H2(w+=3),  as  observed 
in  Fig.  1(b).  The  autoionization  line  intensities  for  HeH+  as¬ 
sociated  with  the  formation  of  reactant  H2(t/ =2)  in  the 
VUV  region  of  15.95-16.19  eV  are  found  to  be  nonzero,  but 
are  significantly  lower  than  those  for  the  formation  of 
H2(t'+=3).  The  finite  intensities  for  HeH+  arising  from  the 
H2(o+=2)+He  can  be  attributed  to  the  uncertainty  in  Er 
of  —0.2  eV  for  the  present  measurements  at  low  ET.  This 
arises  from  the  fact  that  the  proton  transfer  reactions  of 
H2(t,+=2  and  3)  +He  are  promoted  by  translational  energy 
near  threshold. 

Comparing  the  PIE  curve  for  reactant  H2  of  Fig.  1(a)  and 
that  for  HeH+  of  Fig.  1(b),  we  can  also  conclude  that  the 
formation  of  HeH+  is  higher  for  the  H2(i/ = 4) + He  compared 
to  that  of  H2(u+=3)+He.  As  Er  is  increased  to  0.6  eV,  the 
proton  transfer  reaction  of  H2(w+=1)+He  is  energetically  al¬ 
lowed,  as  observed  in  the  PIE  onset  of  HeH+  in  Fig.  1(c). 
The  comparison  of  the  PIE  spectra  for  reactant  H2  of  Fig. 
1(a)  and  HeH+  of  Fig.  1(c)  shows  that  the  vibrational-state- 
selected  integral  proton  transfer  cross  sections  [cr(u+)]  at 
£r=0.6  eV  are  in  the  order:  cr(i’+=l)<^(r(i/=2)<cr(t'+=3). 
Figure  1(d)  illustrates  that  at  £r=4  eV,  the  proton  transfer 
reaction  occurs  for  all  H£(i/=0-4)  states.  However,  the 
cross  sections  for  the  formation  of  HeH+  at  ET- 4  eV  are 
significantly  lower  than  those  at  ET=  0.2  and  0.6  eV. 

The  selected  H2  autoionization  resonances  for  the  trans¬ 
lational  energy  scans  of  state- selected  cross  sections  for 
H2(t'+=0, 1 ,2,  and  3)  are  marked  by  downward  pointing  ar¬ 
rows  in  the  upper  panel  of  Fig.  1(a).  Figure  2  compares  the 
measured  state-selected  integral  cross  sections  obtained 
when  scanning  the  primary  ion  kinetic  energy  in  the  first 
octopole  while  maintaining  the  VUV  ionizing  radiation  at 
photon  energies  identified  in  Table  I  to  prepare  the  respective 
reactant  vibrational  states.  The  present  experimental  data  in 
Fig.  2  were  not  corrected  with  respect  to  an  assumed  auto¬ 
ionization  resonance  decay  branching  ratio.  The  errors  in 
absolute  value  of  the  measured  cross  sections  are  estimated 
at  ±30%.  However,  given  the  uncertainty  in  state  purity, 
the  cross  sections  for  v+=2  and  3  must  be  considered  lower 
limits. 

TABLE  I.  Experimental  parameters  associated  with  the  measurements  of 
Fig.  2.  hv  is  the  photon  energy  used  to  excite  specified  autoionization  reso¬ 
nances,  and  A,  E0-Et,  and  n  are  the  modified  LOC  fit  parameters  deter¬ 
mined  from  a  nonlinear  least-squares  fit  to  the  experimental  data. 


V* 

hv  (eV) 

Resonance 

A  (A2eV”<"'1)) 

Eo-Ei  (eV) 

n 

0 

15.5779 

6/777,  17=2 

0.143 

0.783 

0.77 

1 

15.8876 

5/777,  17=4 

0.574 

0.523 

0.36 

2 

16.0450 

6/777,  17=4 

1.36 

0.248 

0.44 

3 

16.2556 

6/777,  17=5 

3.40 

0.082 

0.49 
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FIG.  2.  The  low-energy  translational  energy  dependence  of  the  H,  +- He  proton  transfer  cross  section  for  primary  ions  state-selected  in  v+=0-3  through 
autoionization  (present  GIB).  The  selected  autoionization  resonances  are  pointed  out  in  Fig.  1  and  listed  in  Table  I.  LOC  designates  the  deconvoluted  modified 
line-of-centers  model  [Eq.  (3)]  cross  sections  of  the  present  GIB  measurements.  LOC  fit  is  the  corresponding  fit  to  the  experimental  data  including  kinematic 
broadening.  QCT  and  QCT  corr  are  the  present  QCT  calculations  with  and  without  zero-point  energy  corrections.  Data  labeled  MTJS  refer  to  quantum  reactive 
scattering  studies  by  Lepetit  and  Launay — Ref.  41  (only  u+=0)  and  time-dependent  quantum  scattering  studies  by  Maiti  et  al. — Ref.  45  (all  others).  The 
present  results  are  also  compared  with  experimental  work  by  Achtenhagen  et  al.  (Ref.  59),  Chupka  and  co-workers  (Refs.  9-11),  and  Turner  et  al.  (Ref.  57), 
and  quantum  theoretical  calculations  by  Aquilanti  et  al.  (Ref.  48). 


The  present  measurements  are  compared  with  the  mea¬ 
surements  of  Chupka  et  al.,9~u  and  GIB  measurements  of 
Turner  et  al.51  and  Achtenhagen  et  al.59  Note  that  the  cross 
sections  from  Chupka  et  al.  at  u+=l  were  taken  from  the 
analysis  of  Kumar  et  al.60’19  and  are  not  reported  as  such  by 
the  original  authors.  The  experimental  data  are  compared 
with  presently  calculated  quasiclassical  trajectories  based  on 
the  surface  reported  by  Palmieri  et  al 41  The  dotted  circles 
are  the  pure  classical  results,  while  the  open  circles  corre¬ 
spond  to  zero-point  energy  corrected  values.  A  comparison 
with  3D  quantum  reactive  scattering  calculations  of  the 
threshold  region  using  the  MTJS  surface  by  Lepetit  and 
Launay41  (u+=0)  and  Maiti  et  al.45  (all  other  vibrational 
states,  time  dependent  approach)  and  Aquilanti  et  al.4S  (sur¬ 
face  determined  by  Palmieri  et  al.41)  is  also  provided.  The 
quantum  calculations  determine  a  very  sharp  onset  of  the 
reaction  cross  section  at  threshold.  Although  such  a  sharp 
onset  is  not  necessarily  reproduced  by  the  experiments,  it 
must  be  emphasized  that  the  energy  resolution  of  the  experi¬ 
ments  is  kinematically  broadened  by  the  ion  beam  energy 
resolution  (~0.3  eV  FWHM)  and  the  thermal  motion  of  the 
target  gas.  As  in  our  previous  study  on  the  Hj+Ne  system,3 


we  have  attempted  to  deconvolute  the  present  experimental 
cross  sections  using  the  modified  line-of-centers  (LOC)  func¬ 
tional  form,80’81 

AEr+Ei-EoT 

- = - >  (3) 

tT 

where  ET  is  the  translational  or  collision  energy,  A  is  a  scal¬ 
ing  parameter,  E0= 0.806  eV  is  the  threshold  energy,  Et  is  the 
internal  energy,  and  n  is  the  curvature  parameter.  A  nonlinear 
least-squares  fitting  algorithm  is  used  that  takes  all  experi¬ 
mental  broadening  mechanisms  into  account.  The  dashed 
curves  in  Fig.  2  are  the  model  fits.  The  deconvoluted  cross 
sections,  corresponding  to  Eq.  (3)  and  the  fit  parameters 
listed  for  each  reactant  vibrational  state  in  Table  I,  are  given 
by  the  solid  lines. 

The  deconvoluted  cross  sections  provide  sharp  threshold 
behavior  except  for  i/+=0.  In  the  latter  case,  we  fixed  the 
threshold  to  a  value  corresponding  to  the  0  K  thermochemi¬ 
cal  threshold  energy  with  added  thermal  rotational  energy 
since  a  free  fit  of  the  three  parameters  would  have  resulted  in 
a  threshold  energy  that  was  too  low.  Given  the  very  small 
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FIG.  3.  PFI-PESICO  cross  sections  (present  PFI)  as  a  function  of  reactant 
vibrational  level  at  collision  energies  ET= 0.6  and  3.1  eV  (c.m.).  All  reac¬ 
tants  are  prepared  in  the  N*- 1  rotational  state.  The  present  experimental 
results  are  compared  with  present  QCT  proton  transfer  (QCT  HeH+)  and 
CID  (QCT  H+)  cross  sections,  and  experimental  work  by  Govers  and  Guyon 
(Ref.  82)  and  Koyano  and  co-workers  (Refs.  26  and  58).  The  QCT  results 
are  corrected  with  respect  to  zero-point  energy  and  quasibound  products. 

proton  transfer  cross  sections,  the  i/=0  measurement  was 
affected  by  secondary  collisions  that  lowered  the  apparent 
threshold.  The  signal-to-noise  was  insufficient  to  conduct  a 
proper  zero-pressure  extrapolation.  Nevertheless,  the  cross 
sections  above  threshold  are  consistent  with  the  earlier  GIB 
measurements,  and  the  deconvoluted  results  are  in  good 
agreement  with  the  quantum  scattering  results.  Note  that  in 
the  latter  case,  significant  errors  may  have  been  introduced  in 
the  digitization  given  the  expanded  vertical  scale  of  the  re¬ 
spective  figures.  Both  corrected  and  uncorrected  QCT  cross 
sections  are  significantly  lower  than  the  deconvoluted  cross 
sections  near  threshold. 

The  effect  of  secondary  collisions  is  significantly  smaller 
in  the  v+=  1  case,  where  the  cross  sections  are  substantially 
larger.  The  modified  LOC  model  fit  produces  a  threshold 
energy  (Table  I)  that  is  within  0.01  eV  of  the  expected  ther¬ 
mal  energy  threshold  of  0.512  eV.  The  present  measure¬ 
ments  are  somewhat  lower  than  the  GIB  work  of 
Achtenhagen59  above  ET=  1  eV.  This  may  be  the  result  of 
impure  state-selection  when  using  a  multiphoton  ionization 
scheme.  The  comparison  is  poorer  with  the  measurements  of 
Turner  et  al.,  where  the  data  exhibit  a  more  gradual  in¬ 
crease  in  cross  section  with  energy  throughout  the  displayed 
energy  range.  Meanwhile,  somewhat  surprisingly  given  the 


relatively  poor  control  of  ion  energy,  the  measurements  of 
Chupka  and  co-workers,9’10  as  presented  by  Kumar  et  al.,60'19 
are  in  very  satisfactory  agreement  with  the  present  measure¬ 
ments. 

The  small  curvature  parameter,  n,  listed  for  v+=  1  in 
Table  I  is  indicative  of  a  sharp  threshold.  This  is  consistent 
with  the  quantum  scattering  results.  While  the  time- 
dependent  quantum  mechanical  study  by  Maiti  et  al.45  using 
the  MTJS  surface  is  in  very  good  agreement  with  the  present 
results,  the  quantum  scattering  studies  by  Lepetit  and 
Launay41  using  the  same  surface,  not  shown  in  the  figure, 
and  those  by  Aquilanti  et  al.  on  the  Palmieri  surface,  pre¬ 
dict  significantly  higher  cross  sections  above  ET=  0.7  eV. 
The  comparison  with  the  raw  experimental  data  and  the  un¬ 
corrected  QCT  results  is  deceptively  good.  However,  the  fi¬ 
nite  cross  section  below  the  threshold  for  reaction  demon¬ 
strates  the  weakness  of  QCT  when  zero-point  energy  is  not 
taken  into  account.  The  zero-point  corrected  data  are  signifi¬ 
cantly  lower  than  the  experimental  results  near  threshold.  At 
higher  energy,  the  corrected  QCT  results  and  the  experimen¬ 
tal  values  converge. 

The  present  experimental  cross  sections  for  v+=2  exceed 
1  A2  above  threshold.  The  convoluted  modified  LOC  model 
provides  a  good  fit  to  the  data  near  threshold,  and  the  thresh¬ 
old  energy  of  0.248  eV  (Table  I)  determined  in  a  free  fit  of 
all  three  parameters  is  within  0.01  eV  of  the  actual  threshold 
(0.256  eV).  Note  that  the  fit  is  only  applicable  to  near¬ 
threshold  data,  and  that,  therefore,  the  discrepancy  at  higher 
energies  is  of  no  significance. 

The  only  experimental  data  that  the  present  cross  sec¬ 
tions  can  be  compared  with  are  the  two  values  of  Turner  et 
al.  (closed  squares)57  and  the  two  values  reported  by  Chupka 
and  co-workers  (open  diamonds).9  The  latter  results  are 
within  the  experimental  errors  in  good  agreement  with  the 
present  measurements.  The  uncorrected  QCT  results  are 
slightly  higher  than  the  experimental  results,  while  the  zero- 
point  corrected  values  exhibit  a  significantly  less  sharp  onset 
at  threshold.  Above  ET- 1  eV,  the  present  experimental 
results  agree  nicely  with  both  QCT  sets.  As  for  i/=  1,  the 
quantum  results  exhibit  a  very  sharp  onset  above  which 
the  cross  sections  exceed  the  present  results  by  about  a  factor 
of  2. 

The  proton  transfer  reaction  for  reactants  in  v+=3  is  only 
endothermic  by  0.038  eV,  suggesting  that  the  thermal  rota¬ 
tional  and  translational  energy  are  sufficient  to  drive  the  re¬ 
action.  Nevertheless,  the  experimental  data  show  clear 
threshold  behavior.  The  LOC  model  fit  produces  a  threshold 
of  0.082  eV,  which  is  significantly  higher  than  the  actual 
threshold  including  thermal  rotational  energy  of  0.015  eV. 
Since  this  threshold  energy  is  significantly  below  the  trans¬ 
lational  energy  resolution  of  the  present  experiment  near 
threshold,  the  inaccuracy  of  the  deconvoluted  threshold  is 
not  surprising.  In  fact,  the  derived  threshold  energy  corre¬ 
sponds  to  about  half  the  center-of-mass  collision  energy 
resolution  (FWHM)  at  collision  energies  below  0.1  eV.  The 
cross  sections  by  Chupka  et  al,  as  retrieved  from  their 
work,9’10  are  in  superb  agreement  with  the  present  results. 
The  measurements  of  Turner  et  al.51  lie  significantly  below 
the  present  results.  The  present  experimental  measurements 
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TABLE  II.  PFI-PESICO  and  QCT  cross  sections  determined  for  the  respective  product  ion  channels  at  a 
nominal  translational  energy  of  0.6  eV.  The  QCT  proton  transfer  cross  sections  correspond  to  channels  with 
product  vibrational  energies  exceeding  the  zero-point  energy.  QCT  values  both  including  and  excluding  quasi¬ 
bound  collision  product  molecular  ions  are  listed.  Statistical  errors  are  provided.  Cross  sections  are  given  in  A2. 


v* 

PFI-PESICO 

QCT/HeH+ 

QCT/HeH+ 

quasibound 

QCT/H+ 

QCT/H+ 

quasibound 

0 

1 

0.626+0.105 

0 

0 

2 

2.45  ±0.52 

0.46±0.04 

0.46  ±0.04 

3 

4.83  ±0.24 

1.57±0.10 

1.57±0.10 

4 

8.16±0.34 

2.99±0.15 

2.99±0.15 

5 

7.60±0.73 

3.79±0.18 

3.79±0.18 

6 

7.15±0.47 

4.69±0.21 

4.69±0.21 

7 

7.46±0.51 

5.52±0.22 

5.52±0.22 

8 

8.74±0.69 

6.73±0.26 

6.73±0.26 

9 

6.95+0.70 

7.12±0.26 

7.12+0.26 

10 

8.45±0.83 

7.47±0.28 

7.47+0.28 

11 

9.10±0.98 

8.30±0.29 

8.44±0.29 

0.744±0.097 

0.487±  0.079 

12 

7.98+0.73 

7.64±0.31 

8.00+0.32 

3.34±0.22 

2.72±0.20 

13 

5.08±0.53 

5.62±0.28 

6.08±0.29 

6.36±0.30 

5.73±0.28 

14 

5.83+0.33 

4.50±0.25 

4.76+0.25 

9.21  ±0.33 

8.74±0.33 

15 

4.42  ±0.39 

2.98±0.25 

3.11+0.25 

12.87+0.47 

12.60±0.46 

16 

2.51  ±0.23 

2.60±0.23 

16.22±0.51 

15.71  ±0.50 

17 

1.61  ±0.16 

1.62±0.16 

19.21  ±0.43 

18.92±0.43 

are  higher  than  the  QCT  results  at  low  energies.  At  higher 
energies  there  is  excellent  agreement  with  the  uncorrected 
QCT  data,  while  experiment  and  corrected  QCT  results  con¬ 
verge  as  the  energy  increases.  Contrary  to  the  u+=  1  and  2 
cases,  the  quantum  scattering  results  for  v+=3  are  only 
slightly  lower  than  the  deconvoluted  experimental  results  at 
the  cross-section  peak.  At  higher  energies,  the  time- 
dependent  results45  are  essentially  identical  to  the  present 
measurements. 

B.  PFI-PESICO  measurements  of  HJfV.W^Q+He 
proton  transfer  cross  sections  at  selected 
translational  energies 

PFI-PESICO  measurements  at  translational  energies,  Et, 
of  0.6  and  3.1  eV  are  shown  in  Fig.  3  as  a  function  of  reac¬ 
tant  vibrational  quantum  number.  The  error  bars  reflect  the 
statistical  errors,  which  are  considerably  smaller  than  the  es¬ 
timated  ±40%  error  in  absolute  experimental  values.  This 
estimate  stems  from  the  comparison  between  v+<4  PFI- 
PESICO  measurements  and  values  obtained  using  the  tech¬ 
nique  described  in  Sec.  IV  A.  The  experimental  data  are 
compared  with  zero-point  corrected  QCT  proton  transfer  and 
collision-induced  dissociation  (CID)  cross  sections  that  are 
also  corrected  for  quasibound  products.  The  results  are  listed 
in  Tables  II  and  III,  where  the  cross  sections  without  quasi¬ 
bound  corrections  are  included  since  they  provide  a  more 
appropriate  comparison  to  other  theories.  It  is  noted  that  the 
effect  of  quasibound  states  surviving  for  times  comparable  to 
our  instrument  flight  times  is  not  significant.  At  ET=  0.6  eV, 
the  PFI-PESICO  cross  sections  are  significantly  higher  than 
the  QCT  cross  sections  at  low  v+.  Above  v+ =3,  the  PFI- 
PESICO  cross  sections  reach  a  plateau  of  approximately 
8  A2  before  they  decline  due  to  competition  with  the  disso¬ 
ciation  channel  that  has  an  onset  at  u+=ll.  In  this  energy 


range,  the  agreement  between  QCT  and  experiment  is  very 
satisfactory.  The  present  measurements  are  compared  with 
state-selected  relative  cross  sections  recorded  at  ET 
=0.57  eV  by  Koyano  and  co-workers.  ’  Their  data  were 
scaled  through  a  least-squares  fit  to  the  present  results. 

At  ET=3.\  eV,  the  measured  cross  sections  are  in  excel¬ 
lent  agreement  with  the  zero-point  corrected  QCT  results  for 
all  measurements.  The  present  experimental  data  are  also 
compared  with  the  experimental  results  of  Govers  and 
Guyon,82  who,  using  a  threshold  photoelectron  coincidence 
approach,  reported  values  for  the  largest  range  of  vibrational 
states,  i/+=0-6.  The  measurements  of  Govers  and  Guyon 
were  not  absolute  and  were  scaled  to  the  cross  sections  of 
Chupka.  Given  the  experimental  errors,  the  agreement  be¬ 
tween  the  present  results  and  the  reported  values  of  Govers 
and  Guyon  is  very  good.  The  agreement  with  the  least- 
squares  scaled  results  of  Koyano  and  co-workers26,58  is  also 
very  satisfactory.  Interestingly,  the  nearly  equal  cross  sec¬ 
tions  for  v+=  1  and  2  observed  by  the  latter  agree  with  the 
observations  of  Govers  and  Guyon,  but  differ  from  the 
present  experimental  results  as  well  as  the  QCT  predictions. 

C.  Recoil  velocities  from  PFI-PESICO 
measurements 

The  PFI-PESICO  measurements  comprise  TOF  mea¬ 
surements  with  respect  to  a  PFI-electron  trigger.  The  time- 
resolved  proton-transfer  ion  intensity  measurements  thus 
provide  information  on  the  distribution  of  laboratory  velocity 
components  parallel  to  the  flight  axis,  v[p.  Figure  4  compares 
HeH+  TOF  measurements  inverted  to  velocity  distributions, 
f(v[p),  for  v+=3  and  4  at  a  collision  energy  of  0.6  eV.  These 
vibrational  states  were  picked  since  they  represent  the  tran¬ 
sition  from  endothermic  to  exothermic  proton  transfer,  and 
because  there  is  a  significant  difference  between  the  PFI- 
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FIG.  4.  Velocity-inverted  PFI-PESICO  TOF  spectra  of  proton  transfer  prod¬ 
uct  ions,  HeH+  (PFI-PESICO),  formed  at  ET= 0.6  eV  (c.tn.)  collision  energy 
with  reactant  HJ  ions  state-selected  in  i/=3  and  4.  The  experimental  results 
are  compared  with  present  QCT  predictions.  The  latter  have  not  been  cor¬ 
rected  with  respect  to  zero-point  energy  and  quasibound  products.  SS  refers 
to  velocity  projections  predicted  for  a  spectator  stripping  mechanism,  and 
“c.m.”  is  the  distribution  of  velocity  projections  for  products  formed  at  the 
c.m.  velocity. 

PESICO  and  QCT  results  at  Er~  0.6  eV.  The  measurements 
are  compared  with  distributions  extracted  from  the  QCT  cal¬ 
culations  for  the  same  initial  conditions.  The  dotted  curves 
are  simulations  of  the  kinematically  broadened  c.m.  labora¬ 
tory  velocity  distribution,  /(u'm),  and  a  direct  scattering 
event  with  energy  transfer  prescribed  by  the  spectator  strip¬ 
ping  (SS)  model.83,84  The  SS  translational-to-intemal  energy 
transfer  at  0.6  eV  is  0.36  eV. 

Both  the  experimental  and  QCT  distributions  are  back- 
scattered  with  respect  to  the  center-of-mass  velocity,  as  ex¬ 


pected  in  larger  impact  parameter  events.  The  experimental 
maxima  are  close  to  zero  laboratory  velocities.  At  laboratory 
velocities  below  1000  m  s'1,  the  present  measurements  be¬ 
come  inaccurate  due  to  TOF  perturbations  induced  by  sur¬ 
face  potential  barriers.  Consequently,  the  experimental  distri¬ 
butions  are  not  fully  conclusive  as  to  where  the  maximum  of 
the  distribution  is,  since  the  low-velocity  peak  can  be  en¬ 
hanced  by  obstructed  ions.  The  i/+=3  experimental  distribu¬ 
tion  is  noticeably  less  strongly  backscattered  and  exhibits  a 
maximum  close  to  the  peak  of  the  SS  distribution  and  the 
QCT  distribution.  While  the  experimental  distribution  at  v+ 
=4  appears  to  be  more  backscattered  than  at  v+=3,  the  QCT 
distribution  is  narrower  and  slightly  less  backscattered  than 
the  distribution  at  v+=3  and  the  SS  distribution.  This  does 
not  signify  inconsistency  with  a  SS  mechanism  since  angular 
scattering  could  shift  the  maximum  toward  higher  laboratory 
velocity  components.  The  comparison  to  QCT  also  must  con¬ 
sider  the  fact  that  the  distributions  shown  have  not  been  cor¬ 
rected  with  respect  to  trajectories  producing  proton  transfer 
products  with  vibrational  energy  below  the  zero-point 
energy. 

V.  DISCUSSION 

This  work  provides  the  first  beam  measurements  of 
state-selected  integral  reaction  cross  sections  of  the 
+He  proton  transfer  system  for  vibrational  levels  u+=7- 15. 
The  v+=15,  N+=  1  level  lies  only  0.11  eV  below  the  disso¬ 
ciation  limit.  Because  an  extensive  body  of  theoretical  work 
has  focused  on  total  energies  below  2  eV,  we  have  also  re¬ 
measured  the  translational  energy  dependence  of  the  proton- 
transfer  cross  section  for  v+-0-3  at  ET<  2  eV  (Fig.  2). 
Those  measurements  are  in  good  agreement  with  the  micro¬ 
scopic  cross  sections  reported  by  Chupka9  11,60  for  t>+=0-3 
and  GIB  measurements  by  Achtenhagen  et  al.59  for  v+=0  and 
1.  The  agreement  with  the  GIB  measurements  of  Turner  et 
al.51  is  less  satisfactory.  The  low  energy  measurements  are 
compared  with  QCT  calculations  performed  on  the  most  re¬ 
cent  ab  initio  potential  energy  surface  by  Palmieri  et  al .47 
The  experimental  data  appear  to  be  well  reproduced  by  the 
calculations  that  ignore  zero-point  energy  effects.  The  zero- 


TABLE  III.  PFI-PESICO  and  QCT  cross  sections  determined  for  the  respective  product  ion  channels  at  a 
nominal  translational  energy  of  3.1  eV.  For  explanations,  see  Table  II. 


v+ 

PFI-PESICO 

QCT/HeH+ 

QCT/HeH+ 

quasibound 

QCT/H+ 

QCT/H+ 

quasibound 

0 

0.1 65  ±0.008 

0.094±0.011 

0.096+0.011 

0.007  ±0.003 

0.005±0.002 

l 

0.253  ±0.027 

0.253±0.016 

0.255±0.016 

0.052±0.007 

0.049  ±0.007 

2 

0.356±0.034 

0.388±0.021 

0.390+0.021 

0.148±0.013 

0.135±0.013 

3 

0.399±0.026 

0.522±0.028 

0.527  +  0.028 

0.360±0.024 

0.343  ±0.023 

4 

0.575±0.022 

0.549  ±0.033 

0.557+0.033 

0.765±0.038 

0.721  ±0.037 

5 

0.530±0.040 

0.582±0.039 

0.601+0.040 

1.43  ±0.06 

1.37  ±0.06 

6 

0.520±0.052 

0.579±0.035 

0.609+0.036 

2.05±0.06 

1.96±0.06 

7 

0.572+0.041 

0.472±0.034 

0.487+0.034 

2.60±0.07 

2.51  ±0.07 

8 

0.563±0.082 

0.509±0.044 

0.513+0.044 

3.82±0.1 1 

3.70±0.1 1 

9 

0.394±0.036 

0.432±0.042 

0.449  +0.043 

4.56±0.12 

4.46±0.12 

10 

0.453+0.042 

0.382+0.040 

0.395+0.041 

5.45±0.13 

5.33±0.13 

11 

0.391+0.030 

0.369±0.033 

0.382+0.034 

5.65±0.10 

5.55±0.10 

12 

0.333+0.131 

0.293  ±0.030 

0.299+0.030 

6.02±0.11 

5.87±0.10 
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point  energy  corrected  cross  sections,  on  the  other  hand,  are 
significantly  lower  than  the  measured  cross  sections  near 
threshold.  For  all  reactant  states  investigated  in  Fig.  2,  the 
experimental  measurements  converge  with  the  zero-point 
energy  corrected  cross  sections  as  the  collision  energy 
increases. 

A  very  similar  observation  has  been  made  in  the 
HjlVO  +  Ne  system,  where  the  discrepancy  near  threshold 
has  been  attributed  to  the  effect  of  quantum  scattering 
resonances.3  The  importance  of  such  resonances  has  been 
widely  documented  for  the  present  system.14’15,30-38,85  3D 
quantum  scattering  calculations  of  the  integral  reaction  cross 
section  using  the  MTJS41,45  and  Palmieri48  surfaces  capture 
the  near-threshold  behavior  better  than  the  QCT  calculations. 
The  quantum  calculations  predict  a  very  rapid  increase  of  the 
proton  transfer  cross  section  at  threshold,  corresponding  to 
curvature  parameters  [Eq.  (3)],  n,  significantly  less  than  1. 
Such  low  curvature  parameters  are  indicative  of  longer-lived 

oi 

intermediates.  Near  the  cross-section  maxima,  the  agree¬ 
ment  between  the  quantum  calculations  and  the  present  ex¬ 
periments  is  very  satisfactory  for  reactants  in  v+=Q  and  3. 
For  i/+=l  and  2,  the  theoretical  cross  sections  at  the  highest 
collision  energies  investigated  above  threshold  exceed  the 
experimental  cross  sections  substantially.  The  fact  that  the 
v+=2  PFI-PESICO  measurement  at  ET= 0.6  eV  is  signifi¬ 
cantly  higher  than  the  measurement  at  the  same  translational 
energy  in  Fig.  2  suggests  that  the  autoionization  approach 
taken  in  the  latter  measurement  may  have  resulted  in  signifi¬ 
cant  v+=0  and  1  population.  The  satisfactory  comparison 
with  other  beam  experiments,  however,  would  suggest  that, 
if  impure  state  selection  is  the  source  of  the  discrepancy,  the 
other  experiments  are  similarly  affected.  Nevertheless,  the 
comparison  with  the  quantum  scattering  studies  is  markedly 
improved  in  the  present  system  compared  with  the  Hj+Ne 
system,  where  theory  dramatically  overpredicted  proton 
transfer  cross  sections  for  v+=  1  and  2.3  Barring  important 
shortcomings  in  the  quantum  scattering  studies,  this  suggests 
that  the  potential  energy  surfaces  derived  for  the  H^  +  He 
system  are  of  significantly  higher  quality  than  the  Hj+Ne 
surface  provided  by  Pendergast  and  co-workers,8  and  that  the 
improved  accuracy  of  the  surface  significantly  affects  the 
dynamics  calculations. 

The  state-selected  cross  sections  measured  for  ET 
=0.6  eV  (Fig.  3)  are  significantly  higher  than  the  zero-point 
corrected  QCT  values  up  to  v+=5,  which  corresponds  to  a 
total  energy  of  ~2  eV.  At  higher  vibrational  levels,  the 
agreement  with  the  classical  scattering  results  is  very  satis¬ 
factory.  For  Hj+Ne,  the  agreement  between  experiment  and 
QCT  calculations  was  excellent  at  total  energies  between  1 
and  3  eV.40  The  disagreement  at  higher  total  energies  was 
attributed  to  either  an  inaccurate  potential  or  nonadiabatic 
effects  associated  with  the  repulsive  first  excited  electronic 
state  of  Hj.  In  the  present  system,  the  PFI-PESICO  cross 
sections  for  the  highest  v+  states  at  ET= 0.6  eV  as  well  as  all 
of  the  measurements  at  Er=  3.1  eV  are  in  excellent  agree¬ 
ment  with  the  QCT  calculations.  Both  the  PFI-PESICO  mea¬ 
surements  and  the  QCT  calculations  at  0.6  eV  exhibit  a  sharp 
onset  to  the  decline  of  the  cross  sections  above  v+=  1 1  due  to 
the  rapidly  increasing  CID  cross  section  with  v+.  It  is  par¬ 


ticularly  encouraging  that  the  ET=  3.1  eV  measurements  are 
in  such  good  agreement  given  the  fact  that  proton  transfer 
competes  with  the  dissociation  channel  for  all  reactant  vibra¬ 
tional  states  at  this  translational  energy. 

The  good  agreement  between  QCT  and  experiment  at 
energies  where  the  CID  cross  section  is  significant  suggests 
that  nonadiabatic  effects  may  not  play  an  important  role  in 
the  present  proton  transfer  system,  despite  the  smaller  re¬ 
duced  mass  in  comparison  with  the  H£+Ne  system.  This  is 
consistent  with  conclusions  made  by  Sizun  and  Gislason,25 
who  conducted  surface-hopping  trajectory  calculations  using 
the  Whitton-Kuntz  DIM  potentials.20  At  ET=  3.1  eV,  they 
found  that  surface-hopping  trajectories  are  not  important  in 
the  proton-transfer  channel.  The  proton  transfer  cross  sec¬ 
tions  reported  by  Sizun  and  Gislason  for  v+=0,  3,  6,  and  10 
are  in  reasonable  agreement  with  the  present  measurements 
and  QCT  results;  the  largest  discrepancy  is  encountered  for 
v+=0.  Approximately  a  third  of  the  dissociation  trajectories, 
however,  were  found  to  involve  surface  hopping.  Except  for 
v+=0,  where  the  present  calculated  dissociation  cross  section 
of  0.007  A2  is  significantly  lower  than  their  value  of 
0.047  A2,  the  dissociation  cross  sections  calculated  by  Sizun 
and  Gislason  are  within  25%  of  the  present  calculations  that 
involve  a  single  potential  energy  surface.  We  are  currently  in 
the  process  of  measuring  and  calculating  cross  sections  for 
the  Dj+He  CID  channel  to  further  investigate  the  impor¬ 
tance  of  nonadiabatic  effects  in  dissociation  collisions. 

Despite  the  importance  of  resonances  at  low  collision 
energies,  the  recoil  velocity  distributions  for  v+=3  and  4  at 
Et=  0.6  eV  (Fig.  4)  suggest  that  the  interaction  is  very  direct 
resulting  in  primarily  backscattered  products.  There  is  a  hint 
of  more  momentum  exchange  in  the  H2(v+=3,iV+=l)  +  He 
proton  transfer  reaction  in  comparison  with  the  H^(v+ 
=4 ,N+=  1)+He  reaction  which  is  exothermic.  Thus,  the  only 
manifestation  of  resonances  in  the  present  experiment  is  pro¬ 
vided  by  the  significant  differences  between  the  measured 
and  QCT  cross  sections.  The  recoil  velocity  distributions  are 
consistent  with  a  spectator-stripping  model,  '  as  previously 
pointed  out  by  Herman  and  co-workers.58,62,64  In  state- 
selected  differential  cross  section  measurements,  Pollard  et 
al.65’66  observed  a  clear  shift  toward  more  scattering  at 
0°  c.m.  angle  versus  180°  as  the  reactant  vibrational  state 
was  raised  from  v+=0  to  2  for  collision  energies  ranging 
from  1.2  to  1.8  eV.  The  observed  tendency  toward  more 
backscattering  (~0°  c.m.  scattering  angle)  was  subtler  at 
lower  energies,  where  scattering  was  more  skewed  toward 
backscattering  even  for  v+=0  and  1.  This  is  consistent  with 
the  present  experimental  and  theoretical  results  and  was  in¬ 
terpreted  as  resulting  from  a  larger  percentage  of  low-impact 
parameter  trajectories  producing  rebounding  collisions  at 
higher  collision  energies. 

VI.  CONCLUSIONS 

New  state-selected  integral  reaction  cross  sections  deter¬ 
mined  with  the  guided-ion  beam  (GIB)  technique  in  conjunc¬ 
tion  with  high-resolution  VUV  reactant  ion  preparation  and  a 
PFI-PESICO  approach  are  reported  for  the  H£(v+)+He  pro¬ 
ton  transfer  reaction.  The  translational  energy  dependence 


164301-10  Tangefa/. 


J.  Chem.  Phys.  122,  164301  (2005) 


measurements  for  r/+=0-3  are  in  good  agreement  with  most 
previous  experiments.  The  excellent  signal-to-noise  in  the 
kinematically  broadened  experiments  allowed  a  cross-section 
deconvolution  based  on  the  modified  line-of-centers 

on  oi 

model.  ’  Threshold  energies  correspond  within  error  to  the 
thermodynamic  limits  except  for  v+=0,  where  the  low  signal 
levels  may  be  affected  by  secondary  collisions.  The  deconvo¬ 
lved  results  exhibit  a  sharp  increase  in  cross  section  at 
threshold  corresponding  to  low  curvature  parameters,  n.  This 
sharp  increase  is  consistent  with  3D  quantum  reactive  scat¬ 
tering  calculations  of  integral  reaction  cross  sections.41,45,48 

At  Et=  0.6  eV,  cross  sections  were  measured  for  reac¬ 
tant  states  in  N+=  1  and  v+=  1-15.  The  comparison  of  the 
measured  cross  sections  with  QCT  calculations  taking  zero- 
point  energy  effects  into  account  is  poor  for  v+  <  6,  suggest¬ 
ing  important  quantum  effects.  At  higher  reactant  levels,  the 
experimental  and  QCT  cross  sections  agree  within  the  ex¬ 
perimental  uncertainties.  A  decline  in  cross  section  above 
u+=ll  is  attributed  to  competition  with  the  CID  channel.  At 
£7=  3.1  eV,  excellent  agreement  between  the  present  PFI- 
PESICO  and  QCT  calculations  is  observed  throughout  the 
investigated  range  of  vibrational  quantum  states,  v+=0-l2. 
The  remarkable  agreement  between  the  present  measure¬ 
ments  and  QCT  at  high  total  energies  suggests  that  nonadia- 
batic  effects  do  not  contribute  significantly  to  the  integral 
cross  section.  The  present  results  also  nicely  validate  the 
high  accuracy  of  the  potential  energy  surface  by  Palmieri 
et  al ,47 
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